Previous studies of the Dakota
Introduction

Background
The Great Plains (Dakota) Aquifer and its hydrostratigraphic equivalents extend from the Arctic Circle to New Mexico, and from the eastern edge of the Rocky Mountains to Iowa and Minnesota (Jorgenson et al. 1993 ). Upham (1895) and Darton (1905) first conceptualized the Dakota Aquifer as a continuous sandstone unit that was recharged along the flanks of the Black Hills and Rocky Mountains. In this model, groundwater flowed eastward beneath the Central Great Plains, eventually discharging along the aqui-fer's eastern limit in North and South Dakota, Nebraska, and Kansas. The first regional potentiometric surface map of the Dakota Aquifer was constructed by Darton (1905) , and later refined by Helgesen et al. (1982 Helgesen et al. ( , 1984 and Leonard et al. (1984) (Figure 1) . Compared with the earliest survey conducted by Darton (1909) , piezometric head declines as large as 79 m were noted as early as the 1950s (Barkley 1953) in artesian areas of the Dakota Aquifer. Swenson (1968) later refined this conceptual model, proposing that groundwater within the Dakota Aquifer in eastern South Dakota had actually been recharged into the underlying Madison (limestone) Aquifer along the flanks of the Black Hills, subsequently flowed eastward, and dis-charged upward into the Dakota Aquifer. Madison groundwater, with a sulfate chemistry derived from the dissolution of anhydrite, had migrated upward from the Madison Aquifer into the Dakota Aquifer in the area where the Madison limestone pinches out beneath the Dakota sandstone (Swenson 1968 ).
This proposed groundwater flow system was modeled by Bredehoeft et al. (1983) , using a numerical groundwater flow model. They concluded that upward leakage from lower units was the predominant source of sulfate in the Dakota Aquifer, that model calculated concentrations were consistent with those observed, and with the Swenson (1968) concept of flow within the system. They also state that based on their computations, approximately 25% of the groundwater present in the Dakota Aquifer came from the Madison Aquifer (Bredehoeft et al. 1983) .
A limited water quality survey of the Great Plains (Dakota) Aquifer system across eastern Nebraska (Figure 2 ) located an area in which groundwater had elevated temperatures, high dissolved sulfate concentrations, and isotopically light δ 18 O and δ 2 H signatures relative to the local mean precipitation (Gosselin et al. 2001; Harvey 2001) . As a more detailed follow-up to the earlier survey, the current study collected and analyzed additional water samples in this area from wells screened in the Dakota Aquifer, providing the opportunity to test long-standing hydraulic arguments for Madison Aquifer recharge to the Dakota Aquifer utilizing chemical and isotopic data. Leonard et al., 1984) and the location of the Black Hills in South Dakota.
Site Description
This study was conducted in Boyd, Knox, Cedar, Dixon, Dakota, and Thurston counties in northeastern Nebraska and Yankton County in South Dakota (Figure 3 ), as these counties lie within and near the region of the high sulfate, isotopically depleted water reported by Gosselin et al. (2001) (Figure 2 ). The Dakota Aquifer system underlies the entire region of the study. In Thurston, Dakota, and parts of Dixon counties, the Dakota sandstones occur as outcrops ( Figure 3 ). Various Quaternary deposits of glacial till overly the Dakota Formation in these counties. Farther west, in Dixon, Cedar, Knox, and Boyd counties, the Dakota sandstones are overlain by other Cretaceous formations, including the Greenhorn-Graneros limestone and shale, Carlile Shale, Niobrara Chalk, Pierre Shale, and various Tertiary and Quaternary deposits ( Figure 3 ). Artesian conditions are present within the Dakota Aquifer in this area. The Greenhorn-Graneros, Carlile, Niobrara, and Pierre Formations, primarily marine shale units, act as confining units to the Dakota Aquifer. In parts of the study area, the Dakota Aquifer overlies several formations of various ages and lithology, including Ordovician, Mississippian, and Pennsylvanian deposits, and the Precambrian Sioux Quartzite. The Dakota Formation thickens from less than 30 m in eastern Colorado to 185 m in northeast Nebraska, exceeding 260 m in central Nebraska (Gosselin et al. 2001) , and varies in depth from more than 1200 m in the west to surface outcrops in the east and northeast. A more detailed summary of the geology of the Dakota Formation in the study area may be found in Gosselin et al. (2001, 2004) . Gosselin et al. (2001) showing northeastern region of high sulfate, depleted δ 18 O and δ 2 H values.
Methods
Well Locations
Fourteen wells were selected in northeastern Nebraska and southeastern South Dakota for sampling, following an extensive evaluation of state water well records at the Nebraska Conservation and Survey Division (the state geological survey), the local U.S. Geological Survey well database for the region, and field interviews with local well owners and Natural Resource District personnel. The selected wells were municipal production wells, irrigation wells, or domestic wells. Although several were screened over large intervals of the aquifer, and it was recognized that interformational mixing could be a potential problem, the wells were deemed acceptable for a large-scale study of a regional aquifer. Drillers' well logs (on file at the Nebraska Conservation and Survey Division and the South Dakota Geological Survey for each of the wells) were used to verify that each of the selected wells was screened in the Dakota Aquifer. Burchett and Pabian, 1991) . This study's 14 sample well locations are also plotted. 
Chemical and Isotope Sampling
Before sampling, each well was pumped for a minimum of 10 min. Samples were taken as close to the vertical pump column as possible. A flow-through sampling system was set up to minimize the effects of atmospheric interaction on temperature and pH during field analysis. Water samples for cation, anion, and alkalinity analysis were filtered through a 0.45-m Whatman ® (Whatman-GE Healthcare, http://www.whatman.com/) cellulose nitrate membrane prior to collection in 60 mL bottles, using a Nalgene ® (Thermo Fisher Scientific, International Department, 75 Panorama Creek Drive, Rochester, NY 14625 USA, http://www.nalgenelabware.com/) filter apparatus and Mityvac ® (Lincoln Customer Service, One Lincoln Way, St. Louis, MO 63120, http://www.mityvac.com/) hand-held pump. Water samples collected for cation analysis were preserved by adding two to three drops of concentrated (17 M) nitric acid (HNO 3 ) to lower the pH to less than 4.0. Water samples for stable isotope (δ 18 O, δ 2 H), enriched tritium ( 3 H), carbon-14 ( 14 C), carbon-13 (δ 13 C), and sulfur isotope (δ 34 S, δ 18 O-SO 4 ) analysis were collected in 125, 125, 1000, 1000, and 125 mL bottles, respectively, and sealed free of trapped air for later analysis. All samples were collected in polyethylene bottles, with the exception of several enriched tritium samples, which were collected in glass bottles. Samples were transported and stored at approximately 4°C prior to analysis.
Chemical and Isotope Analyses
Temperature, conductivity, and pH values were measured in the field using Orion ® meters and probes with accuracies of ±0.1°C, ±10 μS/cm, and ±0.05 pH units, respectively. Field alkalinity was determined using an HACH ® (HACH Company, P.O. Box 389, Loveland, CO 80539 USA, http://www.hach.com/) digital titrator. Inorganic chemical analyses were carried out at the University of Nebraska-Lincoln's Soil and Plant Analytical Laboratory. Cation (K + , Na + , Ca +2 , Mg +2 , Fe +2 , Mn +2 , and Sr +2 ) and SiO 2 (as Si) concentrations were measured using flame atomic absorption (AA) spectrometry. Anion (NO 3 -, Cl -, SO 4 -2 , and HCO 3 -) concentrations were determined using ion chromatography (IC). Alkalinity as bicarbonate (HCO 3 ) was also determined in the lab by volumetric titration. Practical detection limits for ions with AA and IC were around 0.1 mg/L though the actual limits varied for each ion, and for each individual analysis so reported values were rounded up to negate any errors or spread in the data around the detection limit (see Supporting Information). A charge balance (CB) was calculated for each analysis to evaluate analytical error, and to determine if all the major ions were accounted for in the analysis. CBs were calculated using the equation CB, where concentrations of cations and anions are in mEq/L (as%) = [(Σ cations − Σ anions )/(Σ cations + Σ anions )] × 100. CBs between ± 5 % are typically considered to be acceptable for most groundwater analyses.
Stable isotope analyses were performed at the Environmental Isotope Laboratory (EIL) at the University of Waterloo in Waterloo, Ontario, Canada. Stable oxygen, hydrogen, sulfur, oxygen of sulfate, carbon, and chlorine determinations were made using isotope ratio mass spectrometry following the procedures of Epstein and Mayeda (1953) , Coleman et al. (1982) , Yanagisawa and Sakai (1983) , Shakur (1982) , Gupta and Polach (1985) , and Eggenkamp (1994) , respectively. Oxygen, hydrogen, sulfur, oxygen of sulfate, carbon, and chlorine results are reported as parts per thousand (‰) with respect to V-SMOW, V-SMOW, CDT, V-SMOW, PDB, and SMOC, respectively, using the (δ) notation. The analytical precisions for δ 18 O, δ 2 H, δ 34 S, δ 18 O-SO 4 , δ 13 C, and δ 37 Cl are 0.2‰, 2.0‰, 0.2‰, 0.2‰, 0.2‰, and 0.2‰, respectively.
Tritium concentrations were determined by the electrolytic enrichment method of Taylor (1977) , with a lower detection limit of 0.8 tritium units (TU). Tritium is reported in "TU".
Carbon-14 ages were determined using accelerator mass spectrometry at the Rafter Radiocarbon Laboratory of the Institute of Geological and Nuclear Sciences in New Zealand. The 14 C content is corrected for the δ 13 C value and reported according to the conventions of Stuiver and Polach (1977) , and are reported as percent modern (PM), which are normalized based on 95% activity of the National Bureau of Standards (NBS) oxalic acid as modern standard, normalized for δ 13 C equal to −19.0‰ PDB. As normalized values are not desired for groundwater dating (Mook and van der Plicht 1999), the 14 C and PM values were then converted to a "denormalized" percent modern carbon (PMC) value following Mook and van der Plicht (1999). Further correction for elapsed time since the standard reporting year of 1950 was not conducted.
Radiocarbon Corrections
Dating groundwater by 14 C was first proposed by Munnich (1957) , where the determined groundwater "age" refers to elapsed time since the water infiltrated deep enough into the saturated zone as to become isolated from the atmospheric CO 2 . Dissolution of carbonates along groundwater flowpaths can impact the measured age, and thus a correction is needed to account for the addition of dead carbon. Clark and Fritz (1997) and Kalin (2000) review several different methods for correcting groundwater 14 C ages. Given enough information about groundwater flow, geochemical evolution, and aquifer mineralogy, it is possible to account for the dilution of 14 C; however, the number of different models available to correct for dilution show the difficulty in accounting for 14 C dilution (Clark and Fritz 1997; Kalin 2000) . Furthermore, commentary by Zhu and Murphy (2000) and Johnson (2002a, 2002b) , for example, also point out the difficulty in using the 14 C dating method in regional scale, basinal systems as groundwater can be either older or younger than carbon ages depending on mixing dynamics and flowpath geometry. Recognizing and accepting these limitations, the 14 C age of groundwater within an aquifer still provides vital information related to relative recharge age and travel time. Thus, it will be used here to estimate the recharge age of water in the Dakota Aquifer in the study area, and to help estimate groundwater flow velocities and travel times from the recharge zone to the study area.
When corrected for dilution, the basic decay equation becomes: t = −8267 · ln (a t 14 C/q · a o 14 C), where a t 14 C is the measured 14 C, a o 14 C is the modern 14 C in soil, and q is the dilution factor (Clark and Fritz 1997) . For this study, dilution factors, q, were computed for the 14 C ages, using the alkalinity mass balance, chemical mass balance, and δ 13 C mixing models. For both the alkalinity chemical mass balance (CMB-Alk) correction (Tamers 1967; Fontes and Garnier 1979) and the carbonate, halite, gypsum dissolution with ion exchange (CMB-Chem) correction (Fontes and Garnier 1979) , initial pH, pCO 2 , pKCO 2 , and pK1 values were assumed to be 6, 10 −2.2 , 1.19, and 6.52, respectively, and were assumed typical of rain water recharging at 5°C. For the δ 13 C mixing correction method (Ingerson and Pearson 1964; Pearson 1965; Pearson and Hanshaw 1970) , stable carbon isotope (δ 13 C) values of dissolved carbonate and soil CO 2 were assumed to be 0‰ and −23‰, respectively. All of the correction models described so far considered an initial 14 C value of 100 PMC, are solvable in a spreadsheet, and provided similar results.
Radiocarbon age dilution corrections were also made utilizing NETPATH (Plummer et al. 1994 ). The NETPATH code considers different initial 14 C values by solving for eight different correction models, including chemical mass balance, electron balance, and isotope mass balance to define possible net geochemical reactions along a flowpath (Plummer et al. 1990 ).
Results
Inorganic Chemistry
The results of the chemical analysis of the study of groundwater are presented in Table 1 and are plotted on a map of the study area in Figure 4 using Stiff diagrams (Stiff 1951) . Groundwater from the eastern portion of the study area (wells 1 to 6) is calcium-bicarbonate type water, having temperatures around 12°C to 13°C. Groundwater from the western portion of the study area (wells 11 to 15) is calcium-sulfate type water, having higher temperatures between 16°C and 30°C. This Ca-SO 4 water has much higher total dissolved solids (TDS) contents, with most of the major ion concentrations being higher. Much of this increase in TDS can be attributed to elevated sulfate and calcium concentrations. Strontium concentrations are also higher, and several well water (11, 14, and 15 ) also have elevated chloride concentrations.
Groundwater from wells 7, 8, 9, and 10, located midway between wells within the two previously noted groups, has calcium-sulfate/bicarbonate type chemistries likely reflect-ing a mixed transition zoned between the eastern and western groundwater.
Stable Isotopes
As with the major ion chemistry, there is a clear distinction between eastern and western study area groundwater. Groundwater from wells 1 to 8 ( Figure 5a ) has δ 18 O and δ 2 H values in the range of −9.6‰ to −12.4‰ and −68‰ to −95‰, respectively. These are slightly lower than the weighted mean annual precipitation values (−7.4‰ and −48‰, respectively) reported for Mead, Nebraska (see Figure 2 for location relative to study area) by Harvey (2001) about 140 km to the south. However, these are similar to estimated ranges of values reported for northeastern Nebraska based on isotopic composition of stream samples in the region (−8‰ to −10‰ for δ 18 O and −60‰ to −18‰ for δ 2 H, Kendall and Coplen 2001) and ground water samples collected across the plains (−9‰ for δ 18 O and −60‰ for δ 2 H, Sheppard et al. 1969) . Moving westward (Figure 5a ), groundwater from wells 9 to 15 has a still lower signature (−16‰ to −18.6‰) than groundwater to the east, and it is much lower than the weighted average precipitation values in the region suggesting recharge under different climatic conditions.
In addition to area groundwater, two surface water samples were also analyzed for comparison. Samples collected from the Missouri River (MR), near well 9 ( Figure 5a ), and Lewis and Clark Lake (LC), near well 10 ( Figure 5a ), at the northern edge of the study area had δ 18 O and δ 2 H values of −12.9‰ and −107‰, and −13.2‰ and −107‰, respectively. These are slightly lower values than predicted by Kendall and Coplen (2001) (−10‰ to −8‰ and −80‰ to −60‰ for δ 18 O and δ 2 H, respectively), but likely reflect a greater proportion of water from upstream, western sources, which would have lower isotopic values.
Like both the chemical and δ 18 O and δ 2 H values, δ 34 S values showed notable differences from east to west (Figure 5b) . Water from wells 1 to 9 has values less than 10‰, with wells 3 and 5 being negative, while in contrast, water from wells 10 to 15 has values greater than 10‰. There are differences in δ 18 O-SO 4 values between wells (Figure 5b) , but there may be no apparent correlation.
Tritium and Carbon Age Dating Data
Tritium concentrations are presented in Figure 5c . Dilution model corrected carbon-14 ages are presented in Table 2 and in Figure 5d . With the exception of wells 2 to 5, tritium concentrations were all below the detection limit suggesting an absence of modern tritium. Water sampled from wells 2 to 5 had detectable tritium concentrations, but each well's concentration was less than 10 TU. This suggests the presence of water that has recharged within the past 50 years. Carbon-14 results range between 0.11+/− 0.1 and 55.12 + /− 0.4 PM (Table 2) . Corrected ages, calculated using several different methods (see Methods section), all gave similar ages of recent to about 50,000 years before present (ybp). Older dates Fontes and Garnier (1979) . were obtained for groundwater from the western wells (9 to 15). Using tritium and 14 C results, groundwater can be delineated into roughly three groups: modern water (less than 50 years), old water (those recharged during the last glacial period more than 15,000 years), and a group of intermediate age water which have 14 C ages younger than the end of the glacial age (less than 10,000 years), but older than modern recharge (more than 300 years).
Discussion
Sulfate and Sulfur-34
Groundwater in the western portion of the study area, where the Dakota Aquifer is confined, has elevated sulfate concentrations (Figure 4 ). Such high groundwater SO 4 concentrations are not detected elsewhere in the Dakota Aquifer across eastern Nebraska (Gosselin et al. 2001) . In areas where the Dakota units outcrop at the surface, or are overlain by pre-Illinoian glacial till, groundwater SO 4 values vary between 31 and 130 mg/L, but are much lower in concentration than the Na-Cl-type water sampled in the western part of the state (460 to 5700 mg/L). So, the elevated dissolved sulfate concentrations sampled in the western portion of the study area may reflect a unique dissolution history related to regional flow patterns within the aquifer, which will be discussed in detail in the following paragraph.
Similar sulfate concentrations and major ion compositions were reported for groundwater in the Dakota Aquifer across the Missouri River in southeastern South Dakota by Swenson (1968) (Figure 6 ). Swenson (1968) proposed that groundwater within the Madison Formation was recharged along the flanks of the Black Hills, subsequently flowed eastward, and discharged upward into the Dakota Aquifer. Madison groundwater, with a sulfate chemistry derived from the dissolution of anhydrite, had migrated upward from the Madison Aquifer into the Dakota Aquifer in the area where the Madison limestone pinches out beneath the Dakota sandstone (Figure 7) .
Water sampled for this study in the western part of the Dakota Aquifer study area has higher anhydrite and gypsum saturations than water in the east (see Table S1 , Supporting Information). This suggests that groundwater in the downgradient, eastern area, where the Dakota outcrops at the surface, are mixtures of the older, more saturated, western groundwater and fresher, likely more recently and more locally recharged water. Western saturation indices compare well with values from the Madison Aquifer, which is undersaturated with respect to anhydrite and gypsum, but saturated with respect to calcite and dolomite, accompanying progressive anhydrite dissolution along various flowpaths (Plummer et al. 1990 ).
If the high sulfate groundwater in eastern Nebraska has at some point in its eastward migration passed through the Madison Aquifer, and has not been altered by sulfate reduc- Bredehoeft et al., 1983) . tion or mixing with other sulfate sources, the sulfate-sulfur isotopic compositions should indicate a common history. The δ 34 S and δ 18 O-SO 4 isotopic compositions of sampled sulfate in the western portion of study area are similar to established marine evaporate isotopic values (Figure 8 ). Toward the eastern portion of the study area, δ 34 S values become less enriched in 34 S. The western Dakota δ 34 S-SO 4 isotopic compositions (11.60‰ to 15.54‰) are similar to the isotopic values sampled in Madison Aquifer wells (11.36‰ to 14.96‰) (Plummer et al. 1990 ), closest to the area the Madison Aquifer recharges the Dakota Aquifer (Figure 9 ). The source of the high dissolved sulfate in the Madison Aquifer was determined to be the irreversible dissolution of anhydrite as a driving force for dedolomitization, with some sulfate reduction and cation exchange, along the flowpath through South Dakota (Plummer et al. 1990 ). The sulfur isotopic data from the study area support a dissolved marine evaporite source for the dissolved sulfate sampled in the Dakota Aquifer, Figure 8 . Plot of δ 18 O-SO 4 vs. δ 34 S. The marine evaporite and terrestrial sulfate zones, exchange, and bacterial reduction trends are displayed based in the manuscript by Krouse and Mayer (2000) . rather than bacterially oxidized pyrite. The observed similarity between the western Dakota paleo water and the Madison Aquifer δ 34 S suggests a similar source for dissolved sulfate in both aquifers is possible.
The high sulfate in groundwater in northeastern Nebraska is likely from recharge from the underlying Madison Aquifer. The regional geochemical survey completed by Gosselin et al. (2001) (Figure 2 ) thus can be used to determine the southern boundary of influence from the Madison recharge water to the Dakota Aquifer. Just south of the study area, Na-Ca-SO 4 water (Gosselin et al. 2001 ) has a similar composition to water sampled north of the Sioux Quartzite (Swenson 1968 ). This is likely a mixing zone be-tween the Madison groundwater with other Dakota Formation water.
Temperature data from several western wells (19°C to 30°C) indicate groundwater temperatures higher than expected considering the typical geothermal gradient (1°C/33 m). Higher than expected temperatures have also been noted in the Madison Aquifer in central South Dakota, near the area where Madison water is recharging the Dakota (Back et al. 1983 ).
Oxygen and Deuterium
The oxygen and deuterium signatures of groundwater from the western, confined portion of the study area (Figure 5a ) are more depleted than that of the average signature of modern precipitation. This indicates the water could not have been recharged locally under present climate conditions. However, if this water was indeed recharged in the Black Hills region, as the sulfur data suggest, the isotope composition should reflect differences in altitude and associated climate and would be lighter than water recharged in eastern Nebraska. Depleted isotope values have also been attributed to Pleistocene glacial recharge (Person et al. 2007) . See discussion below.
However, Back et al. (1983) reported stable oxygen and deuterium values for groundwater in the Madison Aquifer in the Black Hills region ranging from −13.2‰ to −18.2‰ (Figures 10 and 11) . Madison groundwater sampled from wells on the eastern slope of the Black Hills is closer to −13.2‰, whereas groundwater sampled in central South Dakota is around −17‰. These central South Dakota Madison water is a mixture of water from the eastern slope of the Black Hills and water from the southwestern and southern slopes. These values are similar to the depleted values found under the confined portions of the study area, and support a Black Hills origin for this water.
Strontium and Chlorine
Isotopes of strontium and chlorine are often useful in determining water-rock interaction and evolution of groundwater flow systems (Franklyn et al. 1991; Eggenkamp 1994; Frape et al. 1998 ). The available strontium isotopic data ( 87 Sr/ 86 Sr) neither support nor refute a Madison origin for the high SO 4 water in the study area (Figure 5e ). Strontium isotopic values vary between 0.71019 and 0.71106 in the portion of the study area with high SO 4 water (Gosselin et al. 2004) . These values are much higher than those observed in the Dakota Aquifer in central and southern Nebraska (0.70880 to 0.70983), western Nebraska (0.70800 to 0.70826), or the Pennsylvanian Madison Formation and anhydrites (0.70809 to 0.70908) (Gosselin et al. 2004; Frost and Toner 2004; Jacobson and Wasserburg 2005) . Similarly, low values for Pennsylvanian limestone were reported in central and southern Nebraska (0.70886) (Gosselin et al. 2004) . Younger Madison Aquifer water in South Dakota and Wyoming has reported higher Sr isotopic values (0.70873 to 0.71619), although more evolved groundwater is on the low end, owing to interaction with the aquifer rock and anhydrite (Frost and Toner 2004; Jacobson and Wasserburg 2005) . The strontium isotopic data indicate a unique origin for the Ca-SO 4 water in northern Nebraska compared with most other Madison or Dakota water or rock material.
It is possible that the higher strontium isotopic values observed in the water in the study area ( Figure 5e ) are a result of mixing between the northern Nebraska water Sr and various rock Sr. Unoxidized Dakota Aquifer rock has a higher 87 Sr/ 86 Sr ratio (0.71035) than oxidized aquifer material (0.70957) (Gosselin et al. 2004 ). This could include water that has interacted with unoxidized Dakota and either oxidized Dakota or Madison Aquifer material. This is expected for long-term interaction with the rock in these aquifers, as suggested by Gosselin et al. (2004) .
The unique origin/evolutionary path of the Ca-SO 4 groundwater in the study area as compared with Dakota groundwater across the rest of Nebraska is also supported by limited δ 37 Cl data obtained from the DAK groundwater samples of Gosselin et al. (2001) . Stable chlorine isotope values from the Dakota Aquifer in the Ca-SO 4 zone in the study area (−0.42‰ to −0.34‰ SMOC) are significantly lower compared with values in central (+0.04‰ SMOC) or western (+0.23‰ to +0.36‰ SMOC) regions. Although no δ 37 Cl data are available from the Madison Aquifer, the significantly different values in the study area suggest a unique evolutionary path for the Ca-SO 4 water compared with Dakota Aquifer groundwater across the state of Nebraska. Figure 11 . Oxygen isotope composition of groundwater within the Madison Limestone of South Dakota (modified from Back et al., 1983) .
Carbon-14
Carbon-14 values (as PMC), and subsequent calculated water ages (as ybp), suggest that groundwater from the western, confined region of the Dakota Aquifer was recharged during the Pleistocene Epoch (Figure 5d ). In some instances, isotopically depleted water associated with artesian conditions has been attributed to recharge of melting continental glacial ice during the last ice age (Iles 1982; Siegel and Mandle 1984; Siegel 1991; Person et al. 2007 ). However, the values attributed to glacial melt water were more enriched (δ 18 O = −15‰ to −10‰ SMOW) than those observed in the western portion of the study area. Glacial advance during the last glacial maximum stopped at the Missouri River, the northern boundary of the study area (Boellstorff 1978) , thus the potential for glacial recharge affecting water in the study area was considered. However, most of the 14 C ages from the group of older water indicate recharge occurred in an interglacial period for the area. Although the groundwater with the oldest 14 C date is located near the middle of the study area, sample resolution was not sufficient to investigate individual flowpaths. Clearly, groundwater mixing resulting in age dilution from an influx of older water from the confining shales is possible Johnson 2002a, 2002b) , and if present, groundwater ages estimated using 14 C cannot be interpreted as actual groundwater recharge ages. Even if such mixing did occur, however, the Dakota groundwater is still much too old to have resulted from recharge from melting glacial ice during the most recent continental glaciation. Groundwater ages are more consistent with and more indicative of transport over a longer flowpath over the approximate water age. The intermediate age water occurred near the boundary between the area where the Dakota Formation outcrops and is confined. Thus, the intermediate age groundwater likely results from mixtures of older confined groundwater, whose chemistry is derived from the Madison and Dakota Aquifers upgradient and more recently recharged groundwater that occurs along the edge of the confined portion of the aquifer.
Independent of the age estimations using carbon isotopes, sulfur and stable isotopic data also suggested that the artesian conditions and isotopically depleted water were related to Dakota Aquifer recharge from the Black Hills and subsequent flow and chemical evolution within the underlying Madison Aquifer. If glacial melt water recharge gave rise to the depleted δ 18 O and δ 2 H values, then it would be reasonable to expect the sulfur isotopic data (δ 34 S, δ 18 O-SO 4 ; Figure 8 ) to be characteristic of water that had derived its dissolved sulfur composition from the bacterial oxidation of pyrite found within the overlying and confining shales, rather than a marine evaporite origin, consistent with Madison Aquifer recharge.
Groundwater Flow Estimation Validation
Chemical and isotopic evidence suggests that groundwater in the Great Plains (Dakota) Aquifer of northeastern Ne-braska was recharged in the Black Hills of South Dakota, and subsequently derived its dissolved solutes during transport within the Madison and Dakota Aquifers. Carbon-14 ages of ground water in the study area suggest that this recharge occurred a mere 20,000 to more than 40,000 years ago. But is this physically reasonable given the distance and the hydraulic properties of the various aquifers? And, what is the degree of mixing of various aged water during migration and/or sampling? Such questions are typically answered using a regional numerical flow and transport model, which is not currently available for this system. In the absence of such a model, a simple application of Darcy's equation provides insight into the travel times necessary to transport groundwater from the Black Hills region, through the Madison Aquifer and subsequently through the Dakota Aquifer into the study are in northeastern Nebraska, and provides a check on the carbon-14 ages and the potential for "age dilution" due to mixing of water of varying age.
The lateral distance from the eastern Black Hills region to the western portion of the study area in northeastern Nebraska is approximately 450 km (Figure 1 ). It should be noted that this distance does not represent the actual travel distance along the bedding planes within the aquifer. However, vertical variations on the order of tens of meters are quite small compared to the horizontal distance, and thus, this simplification should not greatly affect the computation at this level of interest and accuracy. Using the corrected carbon-14 ages (Table 2) for the wells in the western portion of the study area (wells 11 to 13), it took groundwater between 32,700 and 47,300 years to flow from the recharge zone east of the Black Hills to the discharge zone in northeastern Nebraska. This would require groundwater velocities to be approximately between 9.5 and 13.8 m/year.
To facilitate the calculation of groundwater velocities and travel times for the Madison and Dakota Aquifers, the flowpath distance was divided into two segments. The first 200-km segment represents the distance over which flow would be in the Madison Aquifer extending from the Black Hills region eastward to the extent of the Madison Formation ( Figure 9 ). The second 250-km segment represents the distance over which groundwater flow would be in the Dakota Aquifer extending from the eastern extent of the Madison Aquifer to the center of the western portion of the study area near well 12 (Figures 1 and 9) .
For each segment, groundwater velocities were calculated using the equation v = (−K/n)H, where K is the hydraulic conductivity of the aquifer (m/s), n is aquifer porosity, and H is the regional hydraulic gradient in the direction of groundwater flow within the various aquifers. Travel times were then calculated by dividing the length of each segment of the overall travel distance by the calculated groundwater velocity, v. Porosity values for the Madison Aquifer (3.5% to 7.5%) were taken from Konikow (1985) . Hydraulic gradient (0.004) and conductivity values (2.4 × 10 −6 to 91 × 10 −6 m/s) for the Madison Aquifer were taken from the wells in flowpath number 8 in Table 12 of Plummer et al. (1990) . A Dakota Aquifer hydraulic gradi-ent (0.0015) was estimated using Figure 12a of Bredehoeft et al. (1983) . Dakota Aquifer hydraulic conductivity (0.64 × 10 −5 to 3.35 × 10 −5 ) and porosity values (19.1% to 28.5%) were taken from Table 2 of Bredehoeft et al. (1983) .
The results of these simplified calculations suggest aquifer velocities of 8.7 to 15.3 m/year for the Madison Aquifer and 1.6 to 5.6 m/year for the Dakota Aquifer. These velocities are similar to the estimated groundwater velocities calculated using this study's 14 C values and travel distances. However, summing the age range estimates of the two segments (Madison: 13,067 to 23,122 years; Dakota: 44,962 to 157,723 years) of the total flow length gives a range of total travel times of between 58,029 and 180,845 years. If aquifer hydraulic parameters are such to result in the shorter travel times, the Darcy estimated and 14 C calculated travel times are similar, indicating that the 14 C ages do reflect the time of recharge and that the sampled parcels of water are not mixtures of older and younger water. However, if aquifer hydraulic parameters resulted in the longer travel times, comparison of the estimated results suggests that the corrected groundwater 14 C ages are too young, and thus, the sampled groundwater is a mixture of older and younger water. It should be noted that discrepancies between the 14 C ages and the Darcy estimate ages do not nullify the Black Hills origin hypothesis, which is supported independently by other chemical and isotopic evidence. Rather, age differences simply indicate that in this system, sampled groundwater 14 C ages may not accurately represent the aquifer residence time nor the time of recharge-a conclusion reached in other studies where 14 C ages were found to differ from modeled flowpath travel times (Bethke and Johnson 2008) . The calculations also indicate longer travel times that are beyond the dating range of the carbon-14 method (typically assumed to be about 50,000 years). This suggests that the groundwater ages determined in the study are nearing the upper limit of detection by this dating method, and thus may need to be interpreted with greater caution. Again, this does not negate the proposed origin theory, but suggests that more time would be needed for transport and that carbon-14 dating may not be adequate to delineate travel times within this aquifer system.
Conclusions
The physical, chemical, and isotopic evidence collected in this study supports the conclusion of Swenson (1968) that present-day groundwater (or at least a portion thereof) withdrawn from the Dakota Aquifer in South Dakota was recharged several tens of thousands (to perhaps hundreds of thousands) of years ago in the Black Hills. This study extends the area affected by Black Hills recharge in the Dakota Aquifer into northeastern Nebraska. Following recharge, groundwater traveled eastward first through the Madison Aquifer and subsequently through the Dakota Aquifer toward a regional discharge zone in northeastern Nebraska. Ca-SO 4 groundwater compositions and stable isotope ratios (δ 2 H, δ 18 O, δ 34 S, δ 18 O-SO 4 ) are all similar to those of groundwater presently withdrawn from the Madison Aquifer and are consistent with the proposed theory of regional migration from the Black Hills. Groundwater sampled in Nebraska, which is not Ca-SO 4 type, has distinctly different isotopic composition (δ 2 H, δ 18 O, δ 34 S, δ 18 O-SO 4 ). Thus, Ca-SO 4 -type water in the Dakota Aquifer in northeastern Nebraska and South Dakota is indicative of water recharging from the underlying Madison Aquifer. As a next step, these conclusions should be tested by construction of a regional flow and reactive transport model of the region and of Madison-Dakota Aquifer interactions.
Supporting Information
Ion Detection Limits
Practical detection limits for ions with AA and IC were 0.1 mg/ L. At the laboratory where these analyses were performed, At the laboratory where these analyses were performed, they measure the concentrations of each sample in replicates compared to a standard with a certain tolerance (typically 5%). If the sample is outside of this range, it is re-run. They then report to us the average of the replicate samples with a precision equal to the detection limit of either the AA or IC depending on the methodology. Thus, each individual well sample had a different precision than every other sample. So values were rounded up to negate any errors or spread in the data around the detection limit. For example, if the lab reports Ca values of 23.59 we use 24. The precision is still 0.01 or so for the analysis, but we simplify the number. The results had values reported to various levels of precision so it's impossible to state one precision value for the entire data set for each element. Thus values are reported as 2.11, 21.1, 210, 2100 depending on the concentration and the general detection limits of the specific element and analysis. So for one sample the precision might be 0.1 for another of the same element, it might be 100 if it's a highly concentrated sample. A charge balance was calculated for each A charge balance was calculated for each analysis to evaluate analytical error, and to determine if all the major ions were accounted for in the analysis. Supplemental Table S1 . Saturation Indices calculated by PHREEQC (Parkhurst and Appelo 1999) for Dakota Aquifer ground water sampled in this study. 
